Introduction
Corals play a fundamental role in primary production and habitat formation for numerous other species in tropical and subtropical oceans. Thus, their poleward range expansions due to sea surface temperature (SST) warming can cause fundamental modifi cations of temProjection and uncertainty of the poleward range expansion of coral habitats in response to sea surface temperature warming: A multiple climate model study perate coastal ecosystems. Recent monitoring data and eyewitness reports have suggested that tropical-subtropical corals in the temperate area of Japan are migrating northward (e.g. Nojima and Okamoto 2008; Nomura et al. 2008; Sugihara et al. 2009; Yamano and Namizaki 2009 ).
On the basis of 80 years of national records for temperate areas in Japan, as well as the studies above, Yamano et al. (2011) showed the fi rst large-scale evidence of the poleward range expansion of modern corals in response to SST warming. They found that the speed of these expansions reached up to 14 km/year, far greater than that for other biological species.
SST warming makes the need to precisely project future changes in coral habitats urgent, not only to conserve marine biodiversity, but also to plan for the adaptation of varied among the CMIP3 models (e.g., Yamaguchi and Noda 2006; Oshima et al. 2012) . Therefore, we must pay special attention when evaluating the projected results of the poleward range shifts and/or expansions of coral habitats based on the SST warming trends obtained by the multi models, because some uncertainty exists in the CMIP3 multi-model projections.
This study quantitatively examines the potential effects of SST warming on the northern limit of coral habitats in seas close to Japan in the 21 st century, based on the CMIP3 multi model projections. In addition, we evaluate the timing of poleward range expansions of coral habitats in nine temperate study regions ( Fig. 1 were found with high coverage in the Iki Islands, where the water temperature in the coldest month was 13.3 (Yamano et al. 2001) . Only three species were found in the Oki Islands, where the water temperature was less than 13 (Sugihara et al. 2009 ). Therefore, 13 can be considered the limit of establishment of temperate coral communities. Finally, the northernmost limit of coral occurrence (Oulastrea crispata) is Sado-ga-Shima (Niigata Prefecture), where the water temperature is 10 (Honma and Kitami 1978) .
Datasets of modeled SSTs
Monthly mean SSTs from 23 CMIP3 model projections (Table 1) To evaluate the uncertainties from these two factors quantitatively, we divided the temporal variability of the SST in the coldest months in the 21 st century into three components: the global warming trend (ΔSSTgw), the decadal variability (ΔSSTd), and the interannual variability (ΔSSTi). The latter was shorter than the decadal variability and was analyzed. Then, the SST was expressed as the sum of the SST climatology (SSTc) and the three temporal components as follows:
SST SSTc ΔSSTgw ΔSSTd ΔSSTi.
In this study, ΔSSTi, which is regarded as noise.
The uncertainties in the projected effects of SST warming on the poleward range expansion of coral habitats in Oki were assessed using SSTc ΔSSTgw in the coldest months in the CMIP3 multi-model projections (Fig. 4a) .
Although the magnitude of the warming trend varied among the models, the median timing of temperate coral community formation (defi ned by the arrival of the monthly-mean isothermal line of 13 in the coldest months) was the 2030s, and most (16 out of 18) models predicted that the timing was between the 2020s and 2040s at this site (Fig. 4b) . The timing could be modifi ed In the nine temperate study regions described above,
Oki was the only station that was located north of the temperate coral community limit (defi ned as the monthly- 
Conclusions
Using the projected monthly mean SST in the 21 st century obtained by the 23 CMIP3 climate models and SSTbased indices for poleward range expansion of coral habitats, we examined the effects of SST changes due to global warming and decadal variability on potential northern limit of coral habitats in seas close to Japan and discussed the uncertainties in the global warming projections. Combining the uncertainties from differences in the warming trends and in the decadal variability among the models, we predicted the timing of temperate coral Both uncertainties in the predictions and the dynamics of corals require long-term monitoring to reveal the dynamics from new recruitment of colonies and establishment of communities in response to SST warming, especially for specifi c indicator species such as Acropora hyacinthus, Acropora muricata, Acropora solitaryensis, and Pavona decussata defi ned by Yamano et al. (2011) .
Collaboration between monitoring and modeling would enhance the reliability of future projections of changes in coral habitats and provide a baseline for designing future strategies for local industries such as fi sheries and tourism to adapt to global warming.
